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T he problem o f n e u tro n d iffraction b y c ry stals is tre a te d b y an alo g y w ith X -ra y diffraction, consideration being given to th e p erfe c t cry sta l, th e m osaic c ry sta l a n d th e p o w dered block. T he first p a r t o f th e p a p e r deals w ith a com parison b etw een X -ra y a n d n e u tro n d iffractio n a n d it is show n th a t q u a n tita tiv e ly th e tw o are sim ilar, a p a rt from th e case o f th e th ic k m osaic c ry sta l w here th e v e ry low valu es w hich are u su a lly fo u n d for th e tru e a b so rp tio n o f n eu tro n s resu lt in th e in te g ra te d reflexion being largely in d e p e n d e n t o f s tru c tu re fa c to r u n d e r p ra c tic a l conditions.
T he second p a r t deals w ith th e p ra c tic a l pro blem o f diffractin g th e collim ated b eam o f th e rm a l n eu tro n s from a n atom ic pile. A gain, p erfect a n d m osaic cry sta ls are considered a n d it is also show n th a t th e pow der m eth o d , w hich it is desirable to use w hen s tru c tu re fac to rs are to be d eterm in ed , will be feasible if th e n u m b e r o f pile n e u tro n s w hich h it th e m onochrom atizing c ry sta l is g re a te r th a n 10s p e r sec.
I n t r o d u c t i o n
A number of papers have recently appeared on the subject of neutron diffraction. These have dealt with various aspects of the nature of the reflexion by m atter of beams of thermal neutrons, produced in atomic piles. On the whole, the papers have been written from the standpoint of nuclear physics. I t has, therefore, been con sidered worth while to write this appreciation of the problems of neutron diffraction from the point of view of the worker in the field of crystal analysis. The paper is divided into two parts, part I dealing largely with the similarities and differences between the diffraction of X-rays from a theoretical point of view, and p art II with the actual problem of diffracting the collimated beam of thermal neutrons which can be obtained from an atomic pile.
Wave-length of thermal neutrons
As will be considered in more detail later, the collimated beam of neutrons which can be obtained from an atomic pile consists largely of a beam of ' slow ' or * thermal ' neutrons. The distribution of velocities among the neutrons in the beam follows approximately the Maxwellian curve appropriate to neutrons in thermal equilibrium a t a temperature of the order of 100° C.
The wave-length A appropriate to neutrons having the root-mean square velocity v a t temperature T° absolute is given by the equations A = -and = f T,
where m is the neutron mass, h is Planck's constant and k0 is Boltzmann's constant. For a temperature of 100° C this gives a wave-length of 1*33 A. At 0° C the wave length would be 1*55 A. Neutrons which have a velocity at the peak of the velocity distribution curve will have energy equal to &0 T and hence a wave-length which is ^/| greater than th at calculated above. Their wave-length will, therefore, be 1*63 and 1*90 A respectively for the two temperatures considered. The wave-lengths associated with these beams of thermal neutrons are, therefore, close to the X-ray wave-lengths used in crystal analysis.
Diffraction by a unit cell
The square of the amplitude of the neutron wave will determine the number of neutrons per sec. at a point, just as the square of the amplitude of the electromagnetic wave determines the X-ray intensity. I t is well known th at a free electron in an electromagnetic field of amplitude A 0 gives a t a distance r a scattered amplitude equal to 2 .
A 0 -^~2 -sin < 9 , me2 r where 6 is the angle between the direction of measurement and the direction of vibration of the incident electromagnetic wave. In particular, for the polarized component whose electric intensity is at right angles to the plane of the incident and diffracted beams, the scattered amplitude from the electron is e2 1 me2 r '
Proceeding further to the case of an atom, we have, with the usual definition of f 0 the atomic scattering factor, that the scattered amplitude is
A°^°m c2 r
In the case of neutron scattering, the effective scatterer is the nucleus. The scattering is spherically symmetrical and since it can be shown from wave-mechanical considerations that the expression for the scattered amplitude is of the form A 0y(l/r) we can at once express y in terms of the measured nuclear scattering cross-sections. The total energy scattered by a nucleus will be equal to 4tn 2A ly 2^, which equals AnAly* per nucleus. The fraction of energy scattered per nucleus is therefore Any1 and hence the fraction of energy scattered per unit length of path will be Any^n, where n is the number of nuclei per cm.3. If <r is the effective cross-section for scattering then it follows th a t the fraction of neutrons scattered per cm. of path is also equal to an.
Hence y -J i^r r ) and the scattered amplitude from a nucleus, for un amplitude, will be i ^u s , in place of the expression /o~2 f°r X-rays, we have J for neutrons, giving the scattered amplitude per atom for unit incident amplitude. Before considering the amplitude of the wave scattered by a unit cell it is desirable to stress that the scattering cross-section used above will not necessarily be the same as the total scattering cross-section measured by nuclear physical methods. This arises from the possible presence of various isotopes of an element in the same crystal, from the existence of non-zero spin for many nuclei, from thermal vibrations and from inelastic scattering.
We will consider first the case of a random distribution of isotopes, other dis turbing factors being ignored. Then the cross-section for scattering into the diffrac tion peaks is given by^B ragg = A where p is the isotopic abundance, whereas the total scattering cross-section, whi includes background scattering, is given by o 'totai = 4 tr E ( p y 2).
In these expressions the actual values of the y's, and therefore of cr, are those appro priate to the state of binding of the nuclei in the crystal, the cross-section of a bound atom being greater than th a t of the same atom when free by a factor where A is the mass number. Thus
Unless the scattering amplitude y is the same for all isotopes, or the element is monoisotopic or nearly so, <xBragg will be less than <rtotal, particularly if the sign of the scattering amplitude varies. This difference, like similar differences discussed below, will manifest itself as an increase in the background scattering. Similarly, in the case of finite spin, the scattering amplitude may be different according as the spin vector of the scattering nucleus is oriented parallel or anti-parallel to the spin vector of the neutron; and again crBragg will in general be less than < 7totai-For nuclei of zero spin (e.g. isotopes of even atomic mass above N u ) the spin effect will, of course, be absent. Thermal vibrations will have the effect of reducing the diffracted intensity, as in the case of X-rays; and it has, in fact, been shown by Weinstock (1944) th at the Debye-Waller formula holds equally well for neutrons.
The question of inelastic scattering is much more important in the case of neutron diffraction than in th a t of X-ray diffraction. A thermal neutron will lose an appreci able fraction of its energy in exciting a quantum of lattice energy, the frequency of vibration being of the same order (1013 per sec.) in each case; whereas the loss of energy for an X-ray quantum of the same wave-length is negligible, as the X-ray frequency is of the order of 1018 per sec. Weinstock (1944) calculated th at the ratio of the inelastic to the ' free ' elastic cross-section should inorease with temperature and in the one numerical example worked out, th at of polycrystalline iron for 300° K neutrons, he found that this ratio rose from a value of 0*006 a t 0°K to 0*192 a t 1000° K.
In the present paper, therefore, it should be understood th at cr refers to crBragg which will in general be less than crtotal. In some cases, e.g. hydrogen and lead, it is very much less, but in many others there is evidence (Fermi & Marshall 1947) th at the dependence of scattering amplitude on spin orientation and isotopic constitution is not very marked. The question of binding, isotope and spin effects is treated more fully in a paper by Wollan & Shull (1948) .
W ith this understanding of the interpretation of cr it follows that the amplitudes of the waves scattered by a unit cell in a direction specified by the Miller indices hkl are, for unit incident amplitude, and^ exp [ 27r{^+ 7 + <?)] for x "'a-vs
In the above expression a, b, c are the sides of the unit cell and the summation is made over the various atomic positions x,y,z. I t should be noted that the above quantity differs from the usually defined structure factor F for X-rays by including the factor e2/rac2. An examination of quan titative values shows that these two expressions are of the same order of magnitude for many atoms. For most atoms the value of <r lies between 2 and 8 x 10-24sq.cm., and an average value is about 4 x l 0 -24. Consequently ^/(cr/47r) averages about 6 x 10-13. I t will be convenient to use MgO, for which a = 4*2 A, as a substance for which the X-ray and neutron reflexions may be compared. Goldberger & Seitz (1947) give crMg = er0 = 4 x 10~24 cm.2, and hence <J(crl4n) equals 6 x l 0~13cm., whereas for X-rays / 0(e2/rac2) is 14 x 10_13em. for magnesium and 25 x 10_13cm. for oxygen for the 200 reflexion. Thus within a factor of three or four the scattering factors of magnesium oxide for neutrons and X-rays will be the same.
It should be noted here that it is the fact, referred to above, that the value of cr is of the same order for all nuclei which gives neutron diffraction particular value for certain structure determinations. This comparative independence of scattering power on atomic number is of course in sharp contrast to the continual increase with atomic number of the scattering power of atoms for X-rays.
Amplitude of reflexion by a crystal plane
We can now proceed to the calculation of the amplitude of radiation reflected by a single net plane of the crystal. Following the treatm ent given on p. 559 of the International Tables for the Determination of Crystal Structures (1935) , the ratio of the amplitude of the reflected and incident beams, neglecting polarization, is for X-rays, where N is the number of unit cells per unit volume, d is the spacing and 6 the Bragg angle. For the 200 reflexion of MgO and using Cu Kcc radiation, this ratio is equal to 1-7 x 10-4. For neutrons, the ratio is Nd which for the same conditions and equal wave-length has a value of 0*6 x 10-4. Since these ratios are of the same order it follows th at the classification of crystals into perfect and 'mosaic' will be on much the same fines in the case of neutrons as in the case of X-rays.
Calculation of Q
We proceed to the calculation of Q, the expression which appears in most formulae for diffraction intensities. In particular the integrated reflexion for a small element of crystal of volume 8V bathed in radiation is Q8V, assuming th a so small th at absorption and extinction in it are negligible. For X-rays N% which for MgO 200 has the value 0*2 cm. For neutrons , for Cu K cl radiation. for neutrons.
Again, taking the case of the 200 reflexion of MgO for A = 1-54 A, the values of |s , are 6-4 x 10-5 (12 sec.) and 2 x 10-5 (4 sec.) for X-rays and neutrons respectively.
Reflecting power of large mosaic crystal
A n im portant distinction between the reflexion of X-rays and neutrons appears when the case of the large mosaic crystal is considered. For a large slab of mosaic crystal the reflectivity for X-rays for the crystal planes which are parallel to the surface of the specimen is taken as Q/2/i if secondary extinctio or Qj2(/i + gQ) if secondary extinction is assumed small but a correction is made for it. In these expressions, gi s a constant depending on the perfection and jli is the linear absorption coefficient for true absorption. Secondary extinction cannot be ignored or allowed for in this manner unless the power loss due to diffraction is negligible or small respectively compared with the loss due to true absorption (i.e. absorption not due to scattering). This is, in fact, the case for X-rays, where the mass scattering coefficient is of the order of 0-2 for most elements whereas the mass absorption coefficient is much larger, e.g. about 12 and 40 for oxygen and magnesium respectively for Cu K a radiation.
In the case of neutrons, however, the loss of energy due to scattering is very much greater than th at due to true absorption for most elements. For example, the linear coefficient of true absorption for MgO for neutrons has a value of about 0-02 in comparison with a value for X-rays of about 100. I t is only when elements such as cadmium, which is a relatively intense absorber of neutrons, are present th a t the linear absorption coefficient has values of the same order as those found for most substances with X-rays.
The above expression for the integrated reflexion of a mosaic crystal will not in general hold for neutrons owing to the small value of the true absorption coefficient relative to the scattering coefficient. In most cases it is necessary to use a general expression such as th at given as equation (4-24) in § IV. 3 of Zachariasen (1944) . In this treatm ent it is assumed th at the mosaic blocks are oriented according to an error function TF(A), where TF(A)dA is the number of blocks whose normals make angles between A and A + dA with the mean normal. The expression fo
where tj is the standard deviation. The actual form which the expression for inte grated reflexion takes in practical cases will be the subject of a further paper. However, the following general conclusions are stated here. If y is large, as for the X-ray case, then the integrated reflexion can be taken as Q/2/i for all practical thicknesses of crystal. When y is very small, as for neutrons, there is a region of thickness t (of the order of a fraction of a millimetre) for which the integrated reflexion is given by Q t /sin#. W ith increase of t we approach a range of thi likely to be met with in practice where secondary extinction is of predominant importance. For these thicknesses we reach what is, a t first sight, the startling conclusion that the integrated reflexion is equal to about 4 and is little influenced by Q. I t can be seen from the shape of the Gaussian curve th at this quantity 4 is what might be called the base width of the mosaic spread. Clearly every significant part of the mosaic spread is contributing totally to the integrated reflexion.
Finally, when t is made very large the integrated reflexion slowly increases to a limit greater than this for very small values of as appreciable reflexion can then be obtained from crystal elements a t the tail of the mosaic distribution curve. W ith continual reduction of fi this limit as t approaches infinity increas being obtained over an ever increasing angular range. I f the absorption were zero and the crystal thick enough there would always be sufficient mosaic blocks, on the distribution assumed, to reflect all the beam at all inclinations.
As an example in the case of practical values of / and t let the value of the base width of the mosaic distribution curve, be 4 min. and the width of the Darwin curve 4 sec. The integrated reflexion of the mosaic crystal would then be 60 times greater than th at of the perfect crystal. In general, for moderately imperfect crystals, enhancement of 10 to 100 times may be expected for neutrons. W ith X-rays, where the relatively high absorption is all important, the enhancement is less. For example, with a very imperfect rock-salt crystal for which 7) was about 450 x 10~5 (15 min.) the measured value of the integrated reflexion was (Zachariasen 1944) 27 x 10~5 compared with a Q/2/i value of 33 x 10-5 and a Darwin curve width of 4 x 10-5. Thus, in this case, the enhancement of the mosaic crystal relative to the perfect crystal is about seven times for X-rays, whereas an enhancement of about 400 would be expected for neutrons.
Summarizing, it should be noted th a t the integrated reflexion of a ' thick ' mosaic crystal for neutrons is, to a first order at least, independent of Q and hence the structure factor. For very thin crystals the integrated reflexion will be proportional to Q and hence to the square of the structure factor. W ith increase of thickness there is a transition from this proportionality to the region where the integrated reflexion is largely independent of Q and determined mainly by the width of the mosaic curve'. In general, measurement of integrated reflexions of mosaic crystals for neutrons is a very difficult and unsatisfactory way of determining structure factors.
7. Reflecting power of powdered block I t will be shown th a t in contrast to the use of single crystals the use of a block of powdered crystal will enable us to determine values of structure factors.
The powdered crystal can be regarded as the limiting case of a mosaic crystal in which the orientation of the reflecting blocks has become completely random, instead of being limited by the width of a relatively narrow distribution curve. For such a random distribution it can be shown th a t the probability of finding a mosaic block oriented within a small range of dO of the Bragg angle is equal to \ cos Odd (see for example Compton & Allison 1935, p. 416) . I t then follows th at for symmetrical reflexion by a block of thickness t the total power in the whole of the diffraction cone is equal to
just as for X-rays, p being the number of co-operating planes. The fact th a t the orientation of the crystal blocks is purely random implies th at secondary extinction need not be considered as such and we can regard the reduction of beam intensity in passing into the crystal as due entirely to a linear absorption coefficient which, for the majority of elements, will be equal to 2<rsw summed over the various nuclei which comprise the substance. Here cr8 is the total cross-section for scattering which we have previously considered. For elements where true absorption is appreciable we replace crs by crt which allows for both scattering and absorption. In the case of magnesium oxide crs = crt -4 x 10-24 sq.cm, for both m n is equal to 4/(4*2 x 10-8)3 nuclei per cm.3 for each element. From these values it follows th at fi is equal to 0*44. This value is so small th at the term e~2/4 cosec 6 in the above expression is not negligible even when t is quite large. For example, with a slab of thickness \ cm. the complete expression in the bracket has a value of about f . In the X-ray case where p has a value of about 100 the expression i effectively equal to unity even for much smaller thicknesses of crystal.
If the counter collects a length l of the circumference of the diffraction cone, which has a total circumference of 27 tRs in 26, where R is the distance from the crystal, then the reflecting power will be approximately 2 Qpl 3 16/£j?sin$* This will be the ratio of the number of reflected neutrons per sec. entering the counter to the number of neutrons per sec. hitting the powdered crystal. In particular the value is proportional to Q and hence to the square of the structure factor, thus enabling the latter to be determined.
The above expression for the intensity of diffracted neutrons entering the counter was obtained for the case where the incident beam is reflected symmetrically from the surface of the powdered block. In a similar manner, an expression can be obtained for the case in which the incident beam is transmitted through the block. For this latter case, the expression can be shown to be g j f^e x p t -^s e c^s e c f l . This has a maximum value when the thickness t is equal to 1 ju sec 6 and this maximum value is equal to Q p l __ l 8nR/i sin 6 e * This value will be much the same as that for the reflexion method but the transmis sion method has the advantage th at for small values of Bragg angle 6 a smaller width of block is necessary for intercepting a given width of incident beam.
Phase of scattered neutron wave
In the case of X-rays there is always a phase difference of 180° between the incident wave and the resultant scattered wave from an atom. For neutrons this is again true for scattering by most nuclei but not for all. The only exceptions suggested at present are hydrogen, lithium, titanium and manganese which scatter with zero phase difference. The result of this is th at for certain compounds of these elements the relative intensities of the orders of various spectra are quite different for neutrons from what they are for X-rays. In the case of LiF, for example, the odd orders of neutron spectra from the (111) planes are strong and the even orders weak. Fermi & Marshall (1947) report th a t the 222 reflexion is almost zero, from which it would follow that cru and <rF are numerically almost equal. If this were so it would be expected th at for such a face-centred lattice structure all orders of reflexion from any plane parallel to one of the axes would be zero. However, Sturm (1947) reports much experimental work using the (200) 
Collimated thermal neutron beam
We now proceed to a determination of the effective reflectivity of a large crystal face for the collimated beam of thermal neutrons which can be obtained from an atomic pile. To a first approximation the neutrons can be considered to be in tem perature equilibrium a t a temperature somewhat higher than room temperature, probably 100° C, and their velocities will be distributed (approximately) according to a Maxwellian distribution. The collimator, which is some feet long, effectively withdraws from the atomic pile a representative fraction of these neutrons with their directions of motion limited within suitably small angular limits for the diffraction measurements. In order to reflect a sufficiently large number of neutrons for detection it is necessary to use a collimated beam with a cross-section of a few square inches. This is achieved, while still maintaining a small angular divergence, by the use of a bundle of narrow collimators instead of a single collimator of large cross-section.
For neutrons in thermal equilibrium a t temperature T° absolute the number having velocities between v and v + dv will, according t k e~atnv2v2dv
where m is the neutron mass and k and a are constants for a given temperature. I t can be shown th a t 1 a " 2^T ' where k0 is Boltzmann's constant.
The number of neutrons with velocities between v and v + dv hitting the crystal per sec., after passing down the collimator, we write as vvdv and it will be pro portional to the product of v and the above expression, i.e.
vvdvk' e~am
where k' is another constant.
The total number of neutrons, of all velocities, hitting the crystal will be Considering the distribution in terms of wave-length A instead of velocity v and using the relation , a = -mv the above reduces to where e = \m v2 is the energy of a neutron of velocity v or wave-length A and vxdX is the number of neutrons with wave-length lying between A and A +
Reflexion of collimated beam by single crystal
We see from the above th a t the beam of neutrons emerging from the collimator to strike the crystal will be a beam of 'w hite' radiation having a spectrum defined by vx as calculated. I t is assumed th at the crystal, when oriented with its surface making a particular angle with the beam, is sufficiently large to intercept the whole beam. Considering first of all a perfect crystal and assuming, for simplicity of argument, th at the incident beam has no divergence, we can transform the normal Darwin R, 6 curve into an R, A cur ve for the particular Bragg angle 6 for the incident beam using the fact th at A = 2d sin 6. The number of neutrons reflected per sec. for the wave-length range A to A + d Xw ill be Rx and the t will be ^RxvxdX. Since A = 2d sin 6 it follows th at neutrons having a wave-length which differs by a small quantity AA from the wave-length which undergoes Bragg reflexion will be incident at an angle which, is AA/2dcos0 different from their own Bragg angle. Consequently they will have a reflecting power appropriate to this angular displacement from the centre of the Darwin R,6 curve. Hence the area under the RX curve will be equal to 2d cos 6 times the area under the R6 curve.
Accordingly, the value of Ji?i^AdA, which is the total number of reflected neutrons, will fie equal to vxx 2d cos 6 x (area under Darwin curve), since vx is effectively constant over the small range of A for which appreciable reflexion takes place. This expression will apply to any particular angular component of the divergent beam, and hence will apply to the divergent beam as a whole, taking vx, as calculated above, to include neutrons in the whole of the beam. This assumes, of course, th at the slit of the counter is sufficiently wide to catch the whole of the reflected beam and th at the divergence of the beam is so small th at vx still remains effectively constant over the range of A which undergoes reflexion.
As already stated, the area under the Darwin curve is equal to so that the above expression for the total number of neutrons reflected per sec. by the perfect crystal becomes
e -e lk 0T 2 d COS 6
3F 7rsin 26'
where V -ljN is the volume of the unit cell. This expression reduces to
Although the energy at the peak of the thermal curve is th at a t the peak of the distribution in the beam hitting the crystal can be shown to be § T. Conse quently, if the crystal is so oriented th at the beam is incident a t the Bragg angle for neutrons with velocities corresponding to the peak of the latter distribution then the total number of neutrons reflected per sec. Nz will be which equals [1] [2] [3] [4] [5] [6] [7] 
where Nx is again the total number of neutrons of all velocities hitting the cryst per sec.
As an example we again take the 200 reflexion of MgO for which a = 4*2 x 10~8, Fn -48 x 10~13 and d = 2-1 x 10~8, from which the fraction of in reflected is 5 x 10~5. As discussed previously, the reflectivity for a mosaic crystal will be some 10 to 100 times greater than this. Hence the reflectivity of a mosaic crystal for a beam of thermal neutrons having a Maxwellian velocity distribution is of the order of 10~3 when the crystal is oriented at the Bragg angle for the peak of the beam distribution.
In addition to the reflected neutrons calculated as above there will be higher order reflexions, a t the same Bragg angle, of wave-lengths which are sub-multiples of th at considered. These wave-lengths will be considerably removed from the peak of the beam distribution curve and the corresponding intensities will consequently be low.
Reflexion of monochromatic beam
The beam of reflected neutrons coming off the fixed crystal considered above will be approximately monochromatic, with a wave-length corresponding to the peak of the beam distribution curve. The wave-length spread will depend on the mosaic spread of the crystal and the divergence of the incident beam. If this reflected beam is now allowed to fall on a second crystal we can then make measurements, for the particular wave-length concerned, of integrated intensity for the various orders of reflexion from the crystal planes parallel to the surface of the second crystal, by measuring the total number of neutrons E collected when the crystal is rotated through the Bragg angle with angular velocity o) radians per sec., the counter follow ing at twice the angular rate to ensure th a t all the reflected neutrons are collected.
For a perfect crystal the integrated intensity will, as for the X-ray case, be equal to the area under the Darwin curve, i.e.
Eo) _ Ss
In the case of the 200 reflexion for MgO
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Allowing a factor of 25, say, for enhancement by a mosaic crystal we should have Ew/N2 = 5 x 10~4. In this expression E is equal to the total number of neutrons which enter the counter during rotation. Experimentally the important quantity is the rate of entry of neutrons into the counter during the period of count, since this determines how easily the particular reflexion can be distinguished from the background count which is usually of the order of 15 per min. The count per sec. will depend on what total angle is swept through in the rotation. If this angle is < j) radians then the time of count will be ( f / a js ec. and the mean number of counts per sec. Eajjtfi, which equa 5 Nzl< f>x 10~4 counts per sec. for the mosaic crystal. For (j) = 0-1 radians, i.e. rotation through about 5 degrees, this would give 5 x 10~3N2 counts per sec.
From the earlier discussion we saw that a fraction 10-3 of the neutrons Nx incident on the first crystal were reflected by it. I t follows therefore th at if the whole of these Nfl 1000 reflected neutrons hit the second crystal and if all the twice reflected neutrons are collected by the counter, then the mean number of counts per sec. when the second crystal is rotated through an angle < f > radians about the Bragg position is of the order of 5NJifi x 10~7. Assuming a rotation through 5 degrees in order to allow amply for mosaic and divergent spread we should get a mean number of counts per sec. of the order of 5 x lO-6^ for the two MgO crystals using the 200 reflexion.
The longer the time of count the smaller will be the neutron intensity which can be distinguished from the background. For example, if we counted over a sufficiently long period to get 10,000 background counts then an increase of 2 % in count (due to crystal reflected neutrons) would be significant. If, however, we can only count for 1 min., for which there will be 15 background counts, then only an increase of 50 % or more is significant, which means eight * crystal counts ' per min. For ease and rapidity of observation it is desirable to have a crystal count of the same order as the background count. This will be the case if 5 x lO-6^, is not less than J, i.e. if is not less than 5 x 104. This, therefore, is the order of the total number of thermal neutrons which must be allowed to hit the first crystal if the particular integrated reflexion under consideration is to be easily observed with a two crystal spectrometer.
The above method of directly measuring the integrated reflexion by rocking through the reflecting position is not the only possible method of measurement and will not be the most sensitive way of detecting a reflexion. I t is clear th a t if the beam hitting the second crystal was perfectly parallel and monochromatic then with the crystal set a t the Bragg angle, the number of reflected neutrons would be equal to the number incident. Because of the divergence of the initial collimated beam this will not be the case in practice and the number of neutrons entering the counter in the optimum position will be less than N2. I t may, ho measure of the integrated reflexion by taking a count a t several stationary positions about the Bragg angle. Since, as we have already seen in part I, we are unable to relate this value of integrated reflexion at all easily to the value of the structure factor we shall not analyze this second method in any detail.
For determination of structure factors we resort to the use of a block of powdered crystal. Referring back to § 7 we have the value N2 is the number of neutrons hitting the powdered crystal block. If we assume th a t the reflexion will be detectable if this number is as large as a background count of 15 per min., then we find th at N2 must be greater than abo assumptions this implies th at Nv the number of neutrons per sec. hitting the monochromatizing crystal, must be greater than 105. In practice the American workers report a value for N2 of about 400 per sec. This should be sufficient to determine structure factors by the powder method for many substances.
Applications of neutron diffraction
The ability to provide a mono-kinetic beam of neutrons has obvious applications in nuclear physics, for example, in the determination of absorption cross-sections; but from the point of view of crystal structure analysis there are two main possible applications of neutron diffraction which suggest themselves. Both arise from the fact mentioned above th at the scattering powers of all atoms for neutrons are roughly of the same order.
(a) The determination of the positions of light atoms
I t is well known th at it is very difficult or impossible to determine by X-ray analysis the positions of light atoms in a structure in which heavy atoms are also present, since the intensity of reflexion is approximately proportional to the square of the atomic number. In the case of neutron diffraction, however, since the scattering powers of all atoms are roughly of the same order, it should clearly be possible to determine the positions of the light atoms in the circumstances considered. In particular, it should be possible to determine the positions of hydrogen atoms, which would have an obvious importance in organic chemistry, although the relatively high background scattering from hydrogen might make it necessary to substitute deuterium in certain cases.
An example of this type of application of neutron diffraction has already been reported in an investigation of the structure of sodium hydride by Shull, Wollan, Morton & Davidson (1948) .
(6) The determination of complicated structures
In complicated structures the use of neutron diffraction in combination with X-ray diffraction results gives us in effect a method of altering the relative scattering powers of the atoms in a structure, and sometimes the scattering phases, although the atoms themselves remain in the same configuration. The importance of this in structure determination is obvious.
In order to carry out the above work completely it will be necessary to learn more about the scattering powers of atoms for neutrons, and it will be of interest to study pure isotopes in certain instances. The problem of background scattering will arise, and the isotope, spin, thermal and inelastic effects will need to be disentangled. The question of the temperature dependence of inelastic scattering, and perhaps even th at of the existence of isotopic order-disorder transformations, will merit attention, and it is to be expected th a t the results obtained will have significance not only for crystal structure but for nuclear physics. At the moment, the variation of scattering power from nucleus to nucleus appears to be a m atter of chance, but with the possibility th at is opened up of making accurate determinations of this scattering power for individual isotopes it is perhaps not too much to hope th at neutron diffraction may help indirectly to throw fight on the structure of the nucleus itself.
The discussion of the technique of neutron diffraction has been restricted to the use of collimated beams of large cross-section and detection by boron trifluoride filled counters, since these are the most satisfactory methods available a t present. W ith improvements in photographic methods of neutron detection and possible increases in neutron beam intensity it may be possible to employ the types of beam and specimen familiar in X-ray analysis, including cylindrical powder specimens and, perhaps, even very small single crystals. This paper is published by permission of the Director of the Atomic Energy Research Establishment. The authors are indebted to Professor Sir Lawrence Bragg, F.R.S., Dr Kathleen Lonsdale, F.R.S. and Dr H. W. B. Skinner, F.R.S. for valuable discussion and comment.
